by glucose (repressor, antagonized by cyclic AMP) and arginine (inducer). An arginuinlornithine antiport was also found in Srptococcus faecalis DS5, Streptococcus sanguis 12, and Streptococcus milleri RHI type 2.
The arginine deiminase (ADI) pathway is widely distributed among bacteria and serves as the sole or an additional source of energy, carbon, and/or nitrogen in these organisms (2, 24) . The enzymatic properties of the ADI pathway have been analyzed in variety of bacteria (1, 2, 4, 23, 25) . The ADI pathway includes (i) ADI, which catalyzes the conversion of arginine into citrulline and ammonia in an essentially irreversible reaction; (ii) ornithine carbamoyltransferase, which catalyzes the phosphorolysis of citrulline, yielding ornithine and carbamoylphosphate (this step is thermodynamically limiting since the equilibrium of the reaction strongly favors the formation of citrulline [K -105] [20, 23] ; (iii) carbamate kinase, which catalyzes the reversible conversion of carbamoylphosphate and ADP into ATP, carbon dioxide, and ammonia. The equilibrium of this reaction is in favor of ATP synthesis (26) .
Control of enzyme synthesis of the ADI pathway has been studied for the three cytoplasmic enzymes (1, 2, 11, 22) . For Streptococcus lactis, ADI and ornithine carbamoyltransferase are inducible, whereas carbamate kinase is present constitutively (1) . The enzymes are coordinately synthesized in Streptococcus faecalis and Pseudomonas aeruginosa (11, 22) , and there is evidence for a four-gene cluster in P. aeruginosa encoding ADI, ornithine carbamoyltransferase, carbamate kinase, and a gene product not yet identified (27) . For these and other organisms, arginine has been shown to give a inductive response, whereas conditions which favor the energy status of the cells repress enzyme formation (2) .
In many bacteria possessing the ADI pathway, 1 mol of ornithine is excreted per mol of arginine metabolized (1, 27) . Some mutant strains have also been shown to excrete citrulline instead of ornithine (4, 27, 29) . Arginine catabolism by the ADI pathway yields only one ATP per arginine. The net gain of metabolic energy, however, will depend on the * Corresponding author. energetic costs of arginine uptake and ornithine excretion. Studies of the molar growth yields on arginine in S. lactis, S. faecalis, and other bacteria indicated the net formation of one ATP per arginine (1, 12) , implying that no metabolic energy is needed for the transport processes. This indication is confirmed by transport studies in membrane vesicles of S. lactis, which revealed the presence of an arginine/ornithine antiporter catalyzing the stoichiometric exchange of arginine for ornithine (3a) . Arginine-ornithine exchange activity exhibited saturation kinetics with respect to the external arginine and the internal ornithine concentration and appeared to be independent of the magnitude of the proton motive force. In addition to heterologous exchange, the antiport system catalyzes homologous exchange of arginine and ornithine (3a) .
In this study, we determined the (in vivo) role of the arginine/ornithine antiporter in the ADI pathway. Information is presented on the short-term regulation of arginineornithine exchange and ADI pathway activity by pathway intermediates as well as on the long-term regulation of the enzymes by protein synthesis. Transport studies in membrane vesicles were performed essentially as described previously (3a) . Membrane vesicles were incubated for 2 h at 20 to 22°C with 500 ,uM ornithine ahd subsequently pelleted by centrifugation (48,000 x g for 30 min at 4°C). After resuspension in the same buffer (20 to 25 mg of protein per ml), samples (4 RDl) were diluted 100-fold into buffer containiing various concentrations of [l4C]arginine. Subsequent actions were as described above for experiments with intact cells. ADI pathway activity. Cells were diluted to a final protein concentration of 0.2 to 0.3 mg/ml in 4 ml of 1.5 mM potassium MES (morpholineethanesulfonic acid)-1.5 mM potassium PIPES-1.5 mM potassium HEPES-(N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-1.5 mM potassium Tricine-100 mM KCI-5 mM MgSO4 (pH 6.6, unless indicated otherwise). The reaction was started upon the addition of 2.0 mM arginine. The alkalinization of the medium was recorded in a range in which the change in external pH was less than 0.02 pH units and linear in time. Changes in pH were converted into nanomoles of OH-or ammonia by calibration of the cell suspension with 2-to 4-,ul portion of 100 mM KOH or 100 mM ammonia. The measurements were performed at 20°C.
Intracellular amino acid concentrations. For experiments with resting cell suspensions, cells were suspended to a final protein concentration of 0.8 to 1.5 mg/ml in buffer as described for the ADI pathway activity measurements. Samples (1.0 ml) were taken before or after the addition of arginine and transferred to microcentrifuge tubes containing 0.8 ml of silicon oil (density, 1 (Fig. 2) . The Ap maintained by resting cells of S. lactis was about -100 mV, whereas the intracellular ATP levels were 0.1 mM or less in the absence of exogenous energy sources (7; data not shown). Importantly, neither exchange between citrulline and ornithine nor citrulline uptake driven by glycolysis was observed in these cells (data not shown). Since the initial arginine-ornithine exchange rates were high, most of the experiments were performed at 15°C. Estimation of the exchange activity in galactose-arginine-grown cells at 30°C indicated initial rates of 0.5 to 1.0 ,umol/min x (mg of protein).
Regulation of arginine-ornithine exchange activity. The unidirectional rates of arginine uptake 0 and 60 s after addition of arginine are shown in Fig. 2 With ornithine-loaded membrane vesicles of S. lactis, the maximal rate of arginine uptake has been shown to increase with increased internal ornithine concentration (3a) . To determine whether arginine/ornithine antiport activity in intact cells is affected by changes in the intracellular levels of ornithine (and other possible effectors), we measured the intracellular concentrations of ADI pathway intermediates. The intracellular citrulline and ornithine concentrations in resting galactose-arginine-grown cells were 0.7 and 11.9 mM, respectively ( 20 mM. For technical reasons (the arginine peak was not sufficiently separated from the glycine peak in reversedphase high-performance liquid chromatography assays), the precise arginine concentrations could not be determined. Estimation of the intracellular arginine pool after 60 s of metabolism indicated a concentration of less than 1 mM.
In contrast to cells preloaded with ornithine (see Materials and Methods), unloaded cells contained high concentrations of lysine (up to 10 mM) in addition to ornithine. The internal lysine pool fell to below 1 mM within 60 s of arginine metabolism (data not shown). Exchange between arginine and lysine (3a) (along with arginine-ornithine exchange) most probably explains why the increase in citrulline exceeded the decrease in ornithine in these unloaded cells (Table 1) . Upon addition of arginine to ornithine-preloaded cells (containing virtually no lysine), the increase in citrulline was stoichiometric with the decrease in ornithine (data not shown).
The changes in the intracellular concentrations of ornithine and citrulline in the presence of valinomycin plus nigericin were smaller than those in the absence of these ionophores (Table 1) . Consequently, the citrulline/ornithine ratio during arginine metabolism was significantly decreased under these conditions. The decrease in internal lysine concentration (upon addition of arginine) was not affected by the ionophores (data not shown). Therefore, the increased rate of arginine-ornithine exchange after 60 s of arginine metabolism in the presence of valinomycin plus nigericin (Fig. 2) is caused most probably by the increased ornithine concentration.
Regulation of ADI pathway. The addition of arginine to a resting cell suspension of S. lactis resulted in a rapid alkalinization of the medium for about 15 s, followed by a much lower rate of alkalinization owing to steady-state activity of the ADI pathway, until all the arginine was consumed (Fig. 3) . A lower steady-state activity was found in the presence of the ionophore valinomycin, which collapses the membrane potential (A,&), whereas the ionophore nigericin, which collapses the pH gradient (ApH) across the cytoplasmic membrane, resulted in higher steady-state activity. The combination valinomycin plus nigericin or the protonophore SF6847 (data not shown), which dissipate the total proton motive force (4p), gave the highest pathway activities. The rapid phase of alkalinization of the medium was not observed under the last conditions (Fig. 3) . This is in agreement with the observations of arginine uptake in the presence of valinomycin plus nigericin; the rates were similar after 0 and 60 s of metabolism (Fig. 2) . Since arginine-ornithine exchange activity is not directly affected by the Ap (see also reference 3a) the ionophores must influence the ADI pathway activity in other ways, possibly by influencing the (adenine) nucleotide concentration or the internal pH or both.
Role of adenine nucleotides. The activity of the FoFjATPase could influence the activity of the ADI pathway most likely by changes in the intracellular concentrations of (adenine) nucleotides. The intracellular ATP concentrations measured after 60 to 90 s of arginine metabolism were reduced from 1.5 to 0.6 mM by valinomycin plus nigericin. Valinomycin alone had no significant effect, whereas the addition of nigericin alone resulted in a decrease of the ATP pool to about 1.0 mM (data not shown). These results indicate that the changes in ADI pathway activity correlate with change in the internal ATP pools. Further evidence in favor of a role of ATP (or adenine nucleotides) in regulating the ADI pathway activity is given by experiments with N,N'-dicyclohexylcarbodiimide (DCCD), a specific inhibitor of FOF1-ATPase. In DCCD-treated cells, the steady-state activity of the ADI pathway was decreased significantly, whereas the initial phase of medium alkalinization (i.e., when the internal ATP concentrations were still low) was similar to that of control cells (Fig. 3) . The ADI pathway activity in DCCD-treated cells could not be stimulated by the addition of valinomycin plus nigericin (data not shown). In these studies, exponentially growing cells were used since cells from later stages are poorly sensitive to DCCD (unpublished data).
pH effects. The effect of external pH on the ADI pathway activity was studied in the absence or presence of valinomycin plus nigericin (Fig. 4) . In the presence of these ionophores, the Ap is dissipated and the intracellular pH is set at pH values 0.7 to 0.8 pH units more acidic than the outside medium (14) . Without ionophores, the ADI pathway was most active at about pH 6; the activity decreased with increasing external pH. In the presence of valinomycin plus nigericin, the activity was significantly increased by the ionophores at pH 5.5 or higher, indicating that these ionophores do not stimulate only by affecting the internal pH. The ADI pathway activity was maximal between pH 6 and 7. Between pH 5.1 to 5.5 the ADI pathway activity was not stimulated by valinomycin plus nigericin, although the pathway was still rather active despite the low internal pH, approximately 5 (14) .
The pH dependence of the kinetic parameters of arginineornithine exchange was studied in membrane vesicles of S. lactis under conditions in which internal and external pH were equal. To achieve this, ornithine-loaded membrane vesicles were diluted 100-fold into a buffer containing various concentrations of [14C]arginine. The affinity constant (K,) for arginine uptake appeared to be pH independent, whereas the maximal activity (Vma,) was optimal at pH 6.0 and 7.0 ( Table 2) .
Induction of arginine-ornithine exchange and ADI pathway activity. Exchange between arginine and ornithine was observed not only in galactose-arginine-grown cells, but also in glucose-grown cells (Table 3 ). The intracellular ornithine pool in various experiments appeared to be two to three times lower in glucose-grown cells than in galactosearginine-grown cells. The ornithine pools could be raised in these cells by incubating diluted cell suspensions (1 to 2 mg of protein per ml) with relatively high concentrations of ornithine. Net uptake of ornithine occurred most probably via the H+-symporter, which has a specificity for lysine and ornithine (unpublished data), and by ornithine-lysine exchange (see above) (3a) .
To measure the arginine and ornithine concentration gradients and the effect of glucose on the arginine-ornithine exchange and ADI pathway activity, we grew S. lactis cells on a chemically defined medium with glucose as the growthlimiting substrate. Arginine was converted almost stoichiometrically into ornithine at low dilution rates, whereas above a dilution rate of 0.5 h-' only a small fraction was converted into ornithine (Fig. 5A) . The ornithine concentration gradients varied between 2.0 and 2.5 at dilution rates below 0.6 h-'. The intracellular arginine concentrations were too low FIG. 5 . Effect of dilution on the internal and external arginine and ornithine concentrations (A) and the arginine-ornithine exchange and ADI pathway activity (B) of chemostat-grown cells of S. lactis ML3. For the determination of the ADI pathway activity (0), the cells were suspended to a final protein concentration of 0.6 to 0.8 mg/ml into 5 mM potassium PIPES (pH 6.7)-50 mM KCI-5 mM MgSO4. Arginine was added to a final concentration of 2 mM. Pathway activity was determined under steady-state conditions, i.e., after the rapid initial alkalinization of the medium (Fig. 3) . For the determination of the arginine-ornithine exchange activity (0), ornithine-loaded cells were diluted 50-fold into 50 mM potassium PIPES (pH 6.0)-S5 mM MgSO4 containing 100 ,uM [14C]arginine. The final protein concentrations varied between 0.6 and 0.9 mg/ml. Arginine-ornithine exchange rates were determined (in triplicate) from the amount of [14C]arginine taken up after 2.5 s. The arginine-ornithine exchange and ADI pathway activity were both measured at 20°C. ext, External; int, internal.
to measure accurately. The arginine-ornithine exchange and the ADI pathway activity (both measured at 20°C) were highest at dilution rates between 0.15 to 0.5 h-1. At higher dilution rates, these activities decreased in parallel (Fig. SB) concomitant with the appearance of glucose in the culture fluid (data not shown). The arginine-ornithine exchange rates, which were estimated from the uptake of arginine after 2 to 3 s, are most probably underestimates owing to the nonlinearity of transport during this time interval ( Fig. 1 and  2) . Surprisingly, at a dilution rate of 0.055 h-1 the ADI pathway activity was also reduced. Glucose was not detectable in the medium under these conditions.
The regulation of enzyme synthesis of the ADI pathway and the arginine/ornithine antiporter was also studied in cells grown on complex broth (3) containing various supplements (Table 3) . Low activities were found in cells grown on glucose or galactose without further additions. Pathway and antiporter activity were stimulated three-to fivefold in the presence of (25 mM) arginine (Table 3 ). The activity of the ADI pathway and arginine-ornithine exchange in cells grown in the presence of glucose was always lower than in cells grown with galactose. The weak repressing effect of glucose was largely abolished by cyclic AMP (Table 3) .
Arginine-ornithine exchange in other bacteria. Experiments similar to that shown in Fig. 1 were performed in other bacteria to measure ['4C]arginine uptake and argininestimulated [3H]ornithine efflux (Fig. 4) . The organisms were grown in complex medium in the presence of galactose and arginine. The 
DISCUSSION
This paper describes some physiological properties of a novel transport system which catalyzes the stoichiometric exchange of arginine for ornithine (3a) . The driving force for arginine uptake is supplied by the ornithine and arginine gradients, which are replenished continuously by arginine metabolism. Consequently, the net gain of metabolic energy by the ADI pathway is one ATP per arginine metabolized, since no metabolic energy is spent for the uptake of arginine or the excretion of omithine. The efficiency of the antiport system, as inferred from the VmaxlKt ratio, is extremely high in comparison to the efficiency of other secondary transport systems. Although it is difficult to make exact estimates, arginine uptake rates of 0.5 to 1.0 ,umol/min x (mg of protein) were calculated for intact cells. The affinity constant (K,) for arginine uptake is approximately 1 ,uM ( Table 2) .
Some of the properties of this antiport system and its role in the ADI pathway deserve further attention. Heterologous exchange between arginine and ornithine is electroneutral. The stimulation of the unidirectional rate of arginine uptake after 60 s of arginine metabolism by valinomycin plus nigericin (Fig. 2 ) is most probably due to the stimulation of arginine metabolism by the increased ATP consumption, which in turn alters the steady-state levels of citrulline and ornithine. In the presence of valinomycin plus nigericin, the citrulline pool is reduced slightly, but more importantly, the ornithine pool is increased about threefold ( Table 1 ). The dependence of arginine uptake on the internal ornithine concentration has been demonstrated in membrane vesicles of S. lactis ML3 (3a). The apparent Kt(exit) for ornithine was estimated to be 0.1 mM. This K, value is lower than the lowest concentration of omithine fouhd in intact cells metabolizing arginine (Table 1) . It should be emphasized that besides ornithine, the small but significant concentration of intracellular arginine may also influence net antiport activity by competition of arginine with ornithine for the exchange reaction. Homologous exchange of arginine (and also ornithine) has been observed in membrane vesicles of S. lactis (3a) . Depending on the relative K, values and the intracellular concentrations of arginine and ornithine, the transport system catalyzes either arginine-ornithine or arginine-arginine exchange. Ornithine-ornithine exchange will be of minor importance, since the K,(entry) for ornithine is much higher than that for arginine (3a) , whereas initially, the extracellular ornithine concentration is much lower than the arginine concentration. The net rate of arginine uptake in cells metabolizing arginine could therefore be miodulated by changes in intracellular ornithine concentrations in the millimolar range. Finally, under some conditions exchange between arginine and lysine (when present, see Results) can also influence net arginine uptake (3a) .
No exchange between ornithine (or arginine) and citrulline was found in membrane vesicles or in intact cells. This enables the cells to maintain the high intracellular concentrations of citrulline required to drive the thermodynamically unfavorable reaction, catalyzed by ornithine carbamoyltransferase, toward ornithine and carbamoylphosphate (20, 23) . The ADI pathway is regulated indirectly by the proton motive force, which influences the consumption and consequently the levels of (adenine) nucleotides as indicated by the following observations. At first, uncouplers and ionophores, which stimulate the F0F1-ATPase by abolishing the back-pressure effect of the proton motive force on proton translocation, stimulate the activity of the ADI pathway.
The intracellular levels of ATP are decreased in these cells.
The inhibitory effect of valinomycin alone could be related to the increase in the intracellular pH which in turn inhibits the ATPase (13) . Second, DCCD, a specific inhibitor of the F0F1-ATPase, inhibits the ADI pathway. Third, the initial phase of arginine metabolism, i.e., when the intracellular ATP levels are still low, is always rapid independent of the presence of ionophores or DCCD. Fourth, increasing pH inhibits both F0F1-ATPase and ADI pathway activity. Measurement of ATP hydrolysis by membrane vesicles of S. lactis shows a sharp decline in ATPase activity upon an increase of the pH from 7.2 to 8.0 [unpublished data].) Based on a diminished rate of proton extrusion and the pH dependence of the F0F1-ATPase in S. faecalis, it has also been suggested that ATPase activity is highly decreased at alkaline pH values (5, 6) . It should be noted that, in general, ADI is also inhibited at alkaline pH values (28) .
The regulation of the ADI pathway by ATP (and possible other [adenine] nucleotides) could be exerted on carbamate kinase, for which ADP is a substrate and ATP a product, but possibly also on ornithine carbamoyltransferase. In Pseudomonasfluorescens, ornithine carbamoyltransferase is inhibited by pyrimidine and purine triphosphonucleotides which increase the threshold substrate concentration required to activate the enzyme, whereas nucleotide monophosphates restore the normal kinetic behavior (2, 25) . Whether ornithine carbamoyltransferase in S. lactis is regulated allosterically by (adenine) nucleotides is unknown at present.
Although the intracellular pools of adenine nucleotides (except for ATP) have not been measured under conditions in which the activity of the ADI pathway is modulated by ionophores, the increase in ADI pathway activity by nigericin (with or without valinomycin) is consistent with the decrease in ATP concentration. A decrease in ATP concentration will stimulate the activity of carbamate kinase and (possibly) ornithine carbamoyltransferase, and depending on which enzyme(s) control(s) the pathway flux, this may stimulate the pathway activity.
The inhibition of ADI pathway activity by valinomycin plus nigericin below pH 6 is most probably due to the acidic cytoplasm under these conditions. Arginine-ornithine exchange (Table 2) , ADI (28) , and FOF1-ATPase (and perhaps other pathway enzymes) are inactivated under these conditions. The ADI pathway of S. lactis, however, appears to be much more acid tolerant than the Embden-Meyerhof pathway (9), as had already been noted (indirectly) for other streptococci (10) . In agreement with the different (internal) pH dependencies of these pathways are the high ATP pools obtained by arginine metabolism at acid pH values, at which the ATP pools in glycolyzing cells have already fallen to zero (14) .
The activity of arginine-ornithine exchange and the ADI pathway are also (long-term) regulated at the level of enzyme synthesis. Like the regulation of ADI and ornithine carbamoyltransferase (1), arginine-ornithine exchange activity is highest in cells grown in the presence of arginine and in the absence of glucose ( Fig. 5 ; Table 3 ). The weak repressing effect of glucose is antagonized by the addition of cyclic AMP to the growth medium, suggesting that glucose acts by catabolite repression.
Besides its role in the ADI pathway, the arginine/ornithine antiporter may also play a role in other pathways of arginine degradation. For instance, the hydrolytic cleavage of arginine to ornithine and urea has been demonstrated in various organisms (2) . The fate of ornithine and urea may differ among organisms since in some bacteria ornithine is not metabolized further (2) .
Some lactic acid bacteria can use agmatine as an energy source by metabolizing it in the agmatine deiminase pathway (21) . In analogy to arginine/ornithine antiport as the initial step of the ADI pathway, agmatine uptake may occur in exchange for putrescine.
